We demonstrate a new nanoscale spectroscopic technique that combines subwavelength near-field imaging with broadband interference spectroscopy. We apply this technique to study phase spectra of surface plasmons in individual gold nanoparticles and nanoparticle dimers. Collective plasmon oscillations in selected nanostructures are excited by a femtosecond white-light continuum transmitted through a subwavelength aperture. The interference spectra detected in the far field result from the coherent superposition of the aperture field and the secondary field re-emitted by the nanostructure. The analysis of these spectra allows us to accurately measure the positions and damping constants of single-nanostructure plasmon resonances.
Metal nanoassemblies offer exciting opportunities for manipulating light at the nanoscale via morphology-controlled resonances associated with surface-plasmon (SP) modes. 1 -3 When a metal nanostructure is subjected to an external field, the detected signal is determined by a superposition of the driving field with secondary (re-emitted) f ields associated with induced SP oscillations. 4 Because of the coherent nature of this superposition, the total field is strongly dependent on phases of plasmon oscillations. The phase manipulation can be used, in particular, for controlling the spatial distribution of SP modes. 5 An initial step toward achieving phase control is understanding the phase responses of nanoscale metal systems to applied fields. In this Letter we report a new method for broadband studies of the phase spectra of SPs in individual nanoscale objects. Collective plasmon oscillations in selected nanostructures are excited by a femtosecond white-light continuum transmitted through a subwavelength aperture. As a result of the coherent superposition of the aperture field and the secondary f ield re-emitted by the nanostructure, the detected signals exhibit clear signatures of constructive and destructive interference and provide direct information regarding the phase spectrum of SPs. The analysis of the interference signals allows us to determine the frequencies and damping constants of plasmon resonances in single gold nanoparticles and two-particle assemblies (dimers).
In the case of an isolated plasmon resonance, the phase ͑f͒ of induced oscillations (i.e., the induced field) switches from 0 to p as the driving frequency ͑v͒ is tuned across the resonant plasmon frequency ͑v 0 ͒, in direct analogy to the phase shift observed for a forced harmonic oscillator. Since the induced oscillations are in phase (out of phase) with the driving force below (above) the resonance, the total signal should show a transition from constructive (increased signal) to destructive (decreased signal) interference exactly at the position of the plasmon resonance, and in contrast to the amplitude spectra, this position is not affected by dielectric losses in a metal. Therefore, interference spectra can provide more-accurate information on plasmon resonances than traditional studies of the amplitude responses.
The challenge in detecting the interference spectra of individual nanostructures is that the f ield emitted by a nanoscale object is many orders of magnitude lower than the applied f ield. To decouple the strong field that excites a nanostructure from the weak (but phase-correlated) field that interferes with the nanostructure response, one can apply near-f ield optical excitation through a small ͑ϳ100-nm͒ aperture. 6 The subwavelength aperture produces a very weak propagating f ield (i.e., a field measured by far-f ield detectors), whereas it creates a much stronger near-zone f ield in the form of rapidly decaying, nonpropagating, evanescent modes. By positioning the sample in close proximity ͑,10 nm͒ to the aperture, one can eff iciently drive plasmon oscillations via the evanescent-f ield component. The induced plasmon oscillations produce a secondary field with a large propagating component (the nanostructure acts as a nanoantenna that efficiently converts evanescent modes into the propagating radiation). After coherent superposition with the far-zone component of the aperture field, the re-emitted field produces the interference spectrum measured by a far-f ield detector (Fig. 1a) . b, Schematics of a near-f ield, broadband extinction spectrometer-microscope. The femtosecond white-light continuum generated in a sapphire plate is delivered to a sample through a near-field fiber probe. The sample is mounted on an XYZ scanner. In the imaging mode, the light transmitted through the sample is collected with a photomultiplier tube (PMT); in the spectroscopic mode, the transmitted light is dispersed in a spectrometer and is detected with a CCD. c, Spectrum of the femtosecond white light at the output of a near-f ield fiber tip.
In the studies reported in Refs. 4 and 7, the effect of the phase of SP oscillations on near-f ield signals was addressed experimentally with a singlewavelength excitation source. However, because of the relatively large width of plasmon resonances, broadband near-field illumination is required for detection of the complete interference spectra of SPs.
In our experiments such illumination is provided by a femtosecond white-light continuum coupled into a fiber probe of a near-f ield scanning optical microscope (NSOM; Fig. 1b) . In addition to wide spectral coverage (ϳ1.8 to ϳ2.8 eV; Fig. 1c ) and high brightness, the femtosecond continuum exhibits a high degree of spatial coherence, which results in low, laser-beam-like divergence. The last-named property allows us to couple the continuum into a single-mode near-f ield f iber with efficiency greater than 40%, which is orders of magnitude higher than coupling efficiencies achievable with incoherent light sources. 8 We used tapered fiber probes with a thin ͑ϳ100-nm͒ Al coating and a 50-100-nm opening at the end (the size of the opening determines the NSOM resolution). We tested all probes by scanning them across single ϳ50-nm gold particles. Only probes that did not produce imaging artifacts (e.g., side images, anisotropic shapes, or ringing structures) associated with the interaction between the coating and the nanoparticle were selected for the experiments. The samples of random aggregates of sub-100-nm gold nanoparticles were prepared on thin layers of poly-L-lysine by settling from colloidal gold solutions. To measure the extinction spectra of individual particles -aggregates, we acquired pairs of transmission spectra by placing the near-f ield tip either directly above the selected nanostructure or above the nominally transparent substrate region. The recorded spectra [I ͑v͒ and I 0 ͑v͒, respectively] were used to calculate the near-f ield extinction: Q͑v͒ 2ln͓I ͑v͒͞I 0 ͑v͔͒.
To analyze the measured extinction spectra quantitatively, we can present the total signal detected by a far-f ield detector as a coherent sum of the aperture and the nanostructure f ields (Fig. 1a) :
where E
A 0 is the amplitude of the aperture f ield (driving f ield), E p j ͑v͒ is the amplitude of the f ield associated with a SP resonance of a nanostructure at frequency v 0j , f j ͑v͒ is the phase shift of this f ield with respect to the driving f ield, and b is the ratio of contributions of aggregate and aperture f ields to the far-f ield signal. Since E p j ͑v͒~E A 0 and I 0~j E A 0 j 2 , we can describe the extinction spectra with the expression Q͑v͒ 2lnj1 1 b P j u j ͑v͒exp͓if j ͑v͔͒j 2 , where u j ͑v͒ is the line shape of the v 0j resonance. We can Fig. 2 . a, Typical topographic (TOPO) and near-f ield (femtosecond white-light illumination) images of an isolated gold nanoparticle (the nominal size is 50 nm; the visible size is larger because of resolution limitations of the NSOM). b, Near-field extinction spectrum (solid red curve) of an individual ϳ50-nm gold nanoparticle compared with interference (dotted black curve) and phase (dashed blue curve) spectra (v 0 2.245 eV and G 0.18 eV) calculated with a forced harmonic oscillator model (inset). c, Position of the plasmon resonance derived from the near-f ield interference spectra as a function of the nanoparticle diameter. Fig. 3 . Near-field extinction spectrum (red curve) of a nanoparticle dimer (insets); particle sizes are ϳ50 nm. The dotted black and dashed blue curves are interference and phase spectra, respectively, calculated with a coupled harmonic oscillator model (v 01 2.21 eV, v 02 2.13 eV, G 1 G 2 0.22 eV, and D 12 0.16 eV; v 01 and v 02 are single-particle plasmon energies, and D 12 is the coupling strength).
simplify the expression for Q͑v͒, assuming that the overlap between different resonances is weak and b , , 1, which yields Q͑v͒ ഠ 22b P j u j ͑v͒cosf j ͑v͒. In the case of an isolated spherical nanoparticle (a single plasmon resonance), the latter expression reduces to Q͑v͒~2u͑v͒cos f͑v͒, indicating that the near-f ield spectrally resolved extinction provides a direct measure of the phase spectrum of induced plasmon oscillations. In terms of a forced harmonic oscillator, cos f Dv͓͑͞Dv͒ 2 1 ͑G͞2͒ 2 ͔ 1͞2 , where Dv v 2 v 0 is the detuning from the plasmon frequency and G is the damping constant (the resonance broadening). The latter expression indicates that the interference spectrum crosses over from negative to positive values exactly at the undamped resonance frequency (for v v 0 , cos f 0, and Q 0), which is in contrast to the amplitude spectra, where the resonance occurs at v ͑v 2 0 2 G 2 ͞2͒ 1͞2 . The spectra collected for individual particles imaged in Fig. 2a clearly exhibit the transition from constructive ͑Q , 0͒ to destructive ͑Q . 0͒ interference (solid red curve in Fig. 2b) , as expected for an isolated plasmon resonance. For a particle of 50-nm diameter, this transition occurs at 2.245 eV, which provides an accurate measure of the single-particle SP resonance energy. The same interference effect is observed for nanoparticles of other sizes, which allows us to derive the size dependence of SP energies. As the particle size is decreased, the plasmon energy increases (Fig. 2c) , consistent with the results of previous ensemble measurements. 9 By using the forced harmonic oscillator model to describe both the phase and the amplitude spectra of SP oscillations, we are able to closely f it the spectra measured for single particles (dotted black curve in Fig. 2b ). The calculated phase spectrum (dashed blue curve in Fig. 2b) indicates that the measured extinction closely correlates with the phase shift that occurs at the resonant frequency. Our modeling also allows us to derive the damping constant ͑G͒ that determines the plasmon resonance broadening. For a 50-nm particle, we obtain G 0.18 eV, which is considerably smaller than linewidths observed in ensemble spectra. 9 Figure 3 displays the near-f ield spectrum of a nanoparticle dimer (solid red curve), which also exhibits a crossover from negative to positive extinction. However, in the range of positive extinction, the dimer spectrum shows a double-peak structure, which indicates the existence of two plasmon modes that can be assigned to longitudinal and transverse collective oscillations. 1 We model this spectrum (dotted black curve in Fig. 3 ) assuming that the two plasmon modes correspond to the two normal modes of a pair of coupled harmonic oscillators subjected to an external force. The forced oscillations in such a system are characterized by two phase shifts related to different normal modes, and these shifts are directly observable in the interference spectrum as two well-resolved steps that correlate with the phase change (dashed blue curve) in the dimer response.
In conclusion, we have demonstrated a new nanoscale spectroscopic technique that allows us to study interference spectra of plasmon oscillations in individual gold nanoparticles and two-particle aggregates. Collective plasmon oscillations in selected nanostructures are driven by high-intensity broadband near-field illumination with a femtosecond white-light continuum. By analyzing the interference spectra resulting from the coherent superposition of the field emitted by a subwavelength apeture and the secondary field emitted by a nanostructure, we are able to spectrally resolve the phase of plasmon oscillations in individual nanoparticles and nanoparticle dimers and to determine the positions and damping constants of plasmon resonances.
